We present a comprehensive study of the physical and chemical conditions along the TMC-1 ridge. Temperatures were estimated from observations of and CO. Densities were obtained CH 3 CCH, NH 3 , from a multitransition study of
INTRODUCTION
The complex chemistry of the molecular interstellar medium presents a signiÐcant challenge to astrophysicists. Observationally, the estimation of molecular abundances is difficult because the accuracy of the estimate is often limited by knowledge of the physical conditions within the cloud. The theoreticianÏs challenge is that the number of potentially important processes that inÑuence molecular abundances is large and poorly constrained, making it difficult to make precise and meaningful predictions. It is for both of these reasons that cold, dark clouds have become important testing grounds for astrochemical models. These objects tend to be simple in their physical properties relative to other chemically interesting sites, such as the massive molecular cores associated with high-mass star formation. Moreover, since they lack luminous embedded sources, many processes related to the energy input from stars may be ignored in the chemical models. At the same time, dark clouds do exhibit a complex chemistry, including carbon chain and other heavy molecules, and an understanding of even these relatively simple objects should help to identify the key processes involved in the formation of molecules in the dense interstellar medium.
The estimation of molecular abundances relies heavily on knowledge of the physical conditions within the source. Thus, estimation of the temperature and number density in the molecular emission region is as important to a chemical study as the measurement of line emission from interesting chemical species. Moreover, the abundances of molecules are predicted by chemical models to vary with density, temperature and the evolutionary state of the cloud (e.g., Lee, Bettens, & Herbst Langer, & 1996 ; Millar 1990 ; Graedel, Frerking making knowledge of physical conditions 1982), critical to the interpretation of the abundance data. Clearly, the goal of observational work should be to obtain comprehensive data sets that permit derivation of both physical conditions and chemical abundances in order to fully understand the various processes at work. Such comprehensive studies of chemical abundances in the giant molecular clouds Orion, M17, and Cepheus A have already been undertaken by our group at the Five College Radio Astronomy Observatory (FCRAO) et al. (Ungerechts 1997 ; and in recent work, we have extended Bergin 1997b), our program to encompass cold, dark clouds.
In this paper, we present the results of our study of the dark cloud Taurus Molecular Cloud 1 (TMC-1). (A similar set of data have been obtained toward another dark cloud, L134N, and their analysis will be the subject of a subsequent paper.) TMC-1 is an ideal source for advancing our knowledge of the chemistry of dark clouds. It is a quiescent dense ridge that extends more than 5@ ] 15@ in a southeast to northwest direction, situated in the Taurus complex of dark dust clouds at a distance of about 140 pc. The ridge is a rich source of carbon-bearing molecules that has been mapped in several molecular species. Several previous observations suggest that chemical di †erences along the ridge exist, which can be explained by gradients in the chemical evolutionary state et al. (Little 1979 ; Guelin, Langer, & Wilson et al. The north-1982 ; Hirahara 1992) . west part of TMC-1 contains an infrared source (IRAS 04381]2540) coincident with an core et al. NH 3 (Hirahara as well as evidence of high-velocity gas et 1992) (Chandler al. which suggest that the northwest part of the cloud 1996), may be physically more evolved.
Observations of 34 transitions of 14 molecular species in TMC-1 are presented in this work, and abundances of some of these species are estimated in a fully self-consistent manner. In the physical conditions are estimated from°3 multitransition observations of tracers, such as HC 3 N, CS, and and used to obtain abundances CH 3 CCH, NH 3 , for 12 of the species observed
The abundances are then (°4). compared with results from chemical models, which include time evolutionary e †ects in
We conclude in that the°5.°6, absolute abundances of the cloud and the abundance patterns that emerge are consistent with expectations from a young, evolving, molecular cloud core.
OBSERVATIONS
The data for this study were obtained between 1994 April and 1995 May with the FCRAO 14 m antenna. Full beamsampled maps of 90 points, with a spacing of 50A (equal to the HPBW at 100 GHz), were made using the QUARRY focal plane array. An area of D15@ ] 5@ was mapped along the TMC-1 ridge by position switching to a single reference position without 12CO emission (a[1950] \ 04h40m43s .7, d[1950] \ 25¡38@16A). The list of molecular transitions that were observed and the corresponding beam efficiencies and line frequencies are given in
We observed (down to Table 1 . an rms noise level of 0.1K) and did not detect emission in the transitions of SO at 100.02 and 109.25 GHz, 34SO and We used an autocorrelation spectrometer with a SO 2 . bandwidth of 20 MHz over 1024 channels, giving a spectral resolution of 24.2 kHz or D0.07 km s~1. The beam efficiencies used were extrapolated from measurements (g B ) made every 5 GHz between 90 and 115 GHz. The beam sizes for the transitions observed at FCRAO ranged from 59A to 45A.
shows maps of the integrated intensities Figure 1 in the C18O, CS, and SO lines, which were made over a more extended area of the TMC-1 ridge. The box shows the region that was mapped in all the species. The orientation of the box was chosen to include most of the ridge emission as well as IRAS 04381]2540 (indicated by the open star in
The maps, for which the (0, 0) position is taken as Fig. 1 ). FIG. 1.ÈIntegrated intensity maps of three transitions (C18O, J \ 1 ] 0 ; CS, J \ 2 ] 1 ; and SO, for an extended region across the dense J K \ 3 2 ] 2 1 ) ridge of gas in the dark cloud TMC-1. The box marks the area that was mapped for the other molecular transitions in
The position of the box was Table 1 d(1950) \ 25¡38@16A, begin to show a(1950) \ 04h38m30s .6, the di †erences in the distribution of emission from the various molecular transitions. The symbols in the maps correspond to speciÐc positions in the cloud that were studied in greater detail. These are the cyanopolyyne peak (CP, Ðlled square ; d(1950) 1994) . beam sizes for the Haystack data were 96A, 62A, and 50A at 22, 36, and 49 GHz, respectively. These measurements were obtained from observations of Venus, Mars, and Jupiter.
VELOCITY STRUCTURE
TMC-1 is well-known to have several cloud components along the line of sight. These components are evident in maps of the CS, SO, and C18O emission, which are presented as a function of velocity in
The CS and SO Figure 2 . maps demonstrate that the portion of the cloud mapped is composed of several velocity components, similar to the spatial and velocity structure found by Langer, & Snell, Frerking and et al. Both Snell et al. (1982) Hirahara (1992 of a portion of the ridge have revealed evidence for (1995) still more complex velocity structure.
In view of the presence of multiple velocity components within the cloud, it is important to determine where the emission from the various molecular species arises along each line of sight. Clearly, if the emission from di †erent species were found to arise from di †erent gas volumes, then a complex analysis would be necessary, involving computation of the density, temperature, and column density separately for each of the identiÐable velocity components. On the other hand, if the emission arises from the same parcels of gas along the line of sight, then we can greatly simplify our analysis. We consider this important question in the paragraphs below by examining both velocity maps and line proÐles of the various molecular species.
The CS and SO maps have nearly identical velocity structure, and even though the integrated emission (see Fig. 1 ) peaks at di †erent ends of the ridge, we conclude that the emission arises from the same volume of gas along each line of sight. This is clearly not the case for the C18O emission, which is more extended and has additional velocity components not seen in CS and SO. In fact, the strongest components that make up the CS or SO emission are not necessarily the strongest components in C18O.
To examine the velocity structure along speciÐc lines of sight, we present spectra of nine of the observed molecular transitions obtained at the cyanopolyyne and ammonia peaks in
The spectra shown in this Ðgure are Figure 3 . averages of Ðve positions in a radius region around each 1@ .5 position. The individual spectra that make up our map have about twice the noise. Although the spectral lines seen in this Ðgure are asymmetrical, with the exception of C18O and they typically do not show clear evidence for CH 3 OH multiple velocity components. Moreover, again with the exception of C18O and the line shapes of the dif-CH 3 OH, ferent molecular transitions are very similar along each line of sight. This suggests that the emission from most of the molecules in our survey arises from the same volume of gas.
The C18O lines show the most obvious evidence for multiple velocity components with a very strong lowvelocity component that is not nearly as obvious in the emission from the other molecules. It is worth noting that the lines with the most velocity structure (C18O and also have the lowest critical densities CH 
ably more velocity structure and wider line widths than the higher excitation lines in our study. We therefore suggest that the additional velocity structure seen in these species arises from gas at a lower density than the bulk of the gas responsible for the emission in our molecular line survey.
If the di †erences between C18O and the other species are due to the fact that C18O traces lower density gas, then they are worth exploring in more detail. In order to examine the velocity structure in the C18O J \ 1 ] 0 line and to ensure that the several components that we see are truly individual velocity components as opposed to e †ects of selfabsorption, we obtained spectra of the C18O J \ 2 ] 1 and J \ 3 ] 2 lines toward the cyanopolyyne peak using (Fig. 4) the Caltech Submillimeter Observatory (J. Carpenter 1996, private communication). The J \ 1 ] 0 and 2 ] 1 lines show a double-peaked structure with the velocities of the components in good agreement. The J \ 3 ] 2 line shows a single peak corresponding to one of the two velocities, with a hint of emission at the second velocity. It is difficult to imagine conditions in which the low-excitation foreground gas could produce similar self-absorption features in all three transitions of C18O. We also show a spectrum of the C17O J \ 1 ] 0, F \ 5/2 ] 5/2 hyperÐne component lined up with the other spectra. The two stronger hyperÐne components are blended and are not useful in determining the velocity structure. The C17O line also has a single peak, which lines up with one of the two components. We also calculated the C18O/C17O ratio at several positions in the cloud and obtain a value of D3 everywhere, which is consistent with the C18O emission being optically thin. All this evidence points toward there indeed being several individual velocity components in the C18O spectra rather than the structure being due to self-absorption. We also note that some very rare molecules, whose transitions are presumably optically thin, exhibit very narrow line widths toward this position, consistent with emission from only one of these velocity components (e.g., et al. 
FIG. 2c
In summary, then, we Ðnd that most of the molecules in our line survey have a similar spatial and velocity distribution, suggesting that they arise from the same volume of gas. However, there are notable exceptions, such as C18O, which apparently trace additional cloud components at lower densities. Nevertheless, in view of the fact that most lines in the survey have behavior consistent with tracing the same components along the line of sight, we feel that it is unnecessary to derive separate abundance estimates for each velocity component. Therefore, for most species, we will ignore any velocity structure and compute only the average density and temperature and the total column density of each molecular species along each line of sight. We observed the symmetric top molecule methyl acetylene to obtain estimates of kinetic temperature (CH 3 CCH) in the cloud. This molecule is divided into two distinct species depending on the relative orientation of the nuclear spins of the hydrogen atoms (labeled A and E symmetry states). Rotational levels with quantum number K \ 3n(n \ 0, 1, 2. . .) are from the A species and levels with K \ 3n ] 1, 3n ] 2(n \ 0, 1, 2. . .) are from the E species. Since radiative transitions obey the selection rule *K \ 0 (K is the component of the total angular momentum along the axis of symmetry), the di †erent K-ladders are connected only through collisions. Hence, the total population of one K-ladder relative to another should reÑect a thermal distribution at the kinetic temperature of the gas.
We observed the K \ 0, 1 and 2 components of the J \ 6 ] 5 transition. The K \ 0 line arises from CH 3 CCH the A symmetry species, while the K \ 1 and 2 lines are from the E symmetry species. The details of deriving a kinetic temperature from such observations have been discussed by et al.
shows the spectra at Bergin (1994) . Figure 5 three positions along the ridgeÈthe cyanopolyyne peak (CP), a point in the middle of the ridge (Mid) and the NH 3 peak (deÐned in The spectra were averaged over an°2). area of radius at the three locations to obtain a better 1@ .5 signal-to-noise ratio and to detect the K \ 2 component. The three K-component lines were Ðtted assuming a common velocity and line width and the Ðt is shown in Figure 5 .
In order to obtain temperatures, we calculated ratios of the (K \ 2)/(K \ 1) and (K \ 1)/(K \ 0) components using a statistical equilibrium analysis with an LVG approximation for the radiative trapping, taking values for the collision cross sections from
The observed Green (1986) . lines are weak and are, therefore, likely to be optically thin. The calculations were done for a range of temperatures and densities. The ratio of the K \ 1/K \ 0 intensity depends on the ratio of the A/E symmetry species, and we have assumed it to be equal to 1 et al. The (Askne 1984) . K \ 2/K \ 1 ratio is independent of the ratio of the A/E symmetry species.
shows plots of the two ratios as Figure 6 a function of density and temperature as obtained from the model. The ratios of the integrated intensities are found to vary only slightly with density, which makes the emission from this molecule a good probe of temperature. The observed intensity ratios for two of the spectra (at the CP and peaks) shown in are also plotted. A NH 3 Figure 5 FIG. 3.ÈThe spectra of selected species (upper left-hand corner ; see toward the cyanopolyyne peak (CP, left) and the ammonia peak right), Table 1) (NH 3 , the positions of which are deÐned in The spectra are averages over a region of in radius. The vertical scale for each molecule is di †erent but the Fig. 1 . 1@ .5 scaling for the two positions for a particular molecule is the same. The vertical line is at a velocity of 5.8 km s~1 and is drawn to provide a reference to identify velocity components.
summary of the ratios and derived kinetic temperatures is presented in Table 2 .
Ammonia
To further constrain the temperature, we observed the (J, K) \ (1, 1) and (2, 2) rotation-inversion transitions of toward six positions in the TMC-1 ridge. Only an NH 3 upper limit for the (2, 2) line intensity was obtained toward three of these positions, including the cyanopolyyne peak.
We have Ðtted the relative intensities of the 18 component hyperÐne structure for the six (1, 1) spectra NH 3 using CLASS. This gives the total integrated area, center velocity, intrinsic line width, the total (1, 1) optical depth, and the (1, 1) excitation temperature. For the (2, 2) line, the main group of hyperÐne components are blended and the other components are too weak to be detected. Hence, a single Gaussian is Ðtted to the line blend to obtain the integrated area, center velocity, and line width (FWHM). We have assumed that the beam Ðlling factors and excitation temperatures for all hyperÐne transitions are equal.
From the (1, 1) and (2, 2) spectra at these are from spectra at single positions. Table 3 The values range between 8.6 and 10.0 K for points along the ridge. A similar analysis of 13CO data gives consistent results. We conclude that all the results appear to be consistent with a temperature of 10 K along the ridge, and all the following analyses assume that the temperature equals this value and does not vary with position. However, we have examined the consequence of a^2 K change in temperature on the densities and column densities and have discussed this in°°and 5.1 5.2. We observed three transitions of (J \ 4 ] 3, HC 3 N J \ 10 ] 9, and J \ 12 ] 11) in order to determine the molecular hydrogen density, in TMC-1. These particun H2 , lar transitions were observed with similar angular resolutions with the FCRAO 14 meter and NEROC Haystack 37 meter telescopes : 62A for the J \ 4 ] 3 line, 57A for the J \ 10 ] 9 line, and 47A for the J \ 12 ] 11 line. We Ðtted these three transitions with a statistical equilibrium model to determine a single density and column HC 3 N density along each line of sight.
If TMC-1 has a core-halo structure as suggested by MacLeod, & Broten then our homogeneous Avery,
, model would be a poor approximation to the actual cloud. The J \ 4 ] 3 transition has the lowest critical density, cm~3, of the three transitions observed, and is n cr B 104 therefore most sensitive to lower density gas along the line of sight. Hence, if TMC-1 had a core-halo structure, with a halo density of the order of 104 cm~3, then one would expect the spatial extent of the J \ 4 ] 3 transition to be the largest of the three observed lines. However, the spatial extent and morphology of the emission in all three tran- (2) and (4) give ratios of observed antenna temperatures for NH 3
: ([3@ .06, 4@ .12). The Ðts to these spectra were used to determine temperatures along the ridge. The three components 1, ([0@ .68, 1@ .86) . used in the estimates were the K \ 0 (at a velocity of D0 km s~1), the K \ 1 (at a velocity of D6 km s~1) and the K \ 2 (at a velocity of D23 km s~1).
sitions are similar (see In addition, we have analyzed Fig. 7) . the velocity structure of the lines and found that they HC 3 N have similar line widths and centroid velocities (see Fig. 8 ). Consequently, we believe it is reasonable to assume that the emission from all three transitions originates from HC 3 N the same volume of gas. Thus, if a halo exists it must have densities below that needed to excite the J \ 4 ] 3 transition of HC 3 N. Our statistical equilibrium model incorporates the e †ects of radiative trapping using the large velocity gradient Optical depth, q(1, 1), obtained from hyperÐne com-T B (transition) Table 1 . ponent intensity ratios. Ammonia data and CO data correspond to beam sizes of and 47A, respectively. The CO 1@ .4 temperatures were obtained from single spectra, unlike the averages in Table 2 . is the more abundant we scale the HC 3 N H 2 , collision rates by the factor 21@2 to account for the velocity di †erence between and He. The free parameters for our H 2 model are density column density, kinetic tem-(n H2 ), HC 3 N perature, and line width. We have assumed a kinetic temperature of 10 K based on our CO, and CH 3 CCH, NH 3 analyses presented in and the line width is determined°4.1, from the average of the Gaussian Ðts to the Ðve observed transitions (including the three resolved hyperÐne components of the J \ 4 ] 3 transition). The remaining free parameters to Ðt the intensities of the J \ 10 ] 9 and J \ 12 ] 11 transitions and the three hyperÐne components of the J \ 4 ] 3 transition are density and HC 3 N column density. Thus, we have Ðve data points to constrain the two free parameters.
In order to make our results as reliable as possible, we only Ðtted those positions that have at least 5 p determinations of the integrated intensity in the J \ 4 ] 3 and the J \ 10 ] 9 lines. Of the 90 positions we observed, 63 positions met these criteria. In addition to the uncertainty in the integrated intensity due to the noise in the spectra, we have assumed a calibration uncertainty of 15%, and we assigned an overall uncertainty to the integrated intensity equal to the quadrature sum of these two e †ects.
shows the Figure 8 spectrum toward the cyanopolyyne peak overlaid with the Ðt from the model.
The data at each of the 63 positions were Ðtted by our model using a nonlinear least-squares program that searched for the values of density and column density, which minimized the reduced s2. The results are presented in Table 4 . The distribution of log derived at 57 locations in (n H2 ) TMC-1 is shown in overlaid on the J \ 10 ] 9 Figure 9 , integrated intensity map. Often, the determination of uncertainties from a multitransition model Ðt are derived by Ðtting a parabolic function to the reduced s2 as each parameter is independently varied. However, this process assumes that the two model parameters vary independently of each other, whereas the column density and molecular hydrogen density are only decoupled in the optically thin limit. Our model predicts optically thick lines, which agrees with the optical depths derived from the hyperÐne intensity ratios in the J \ 4 ] 3 transition. Therefore, our two free parameters are not independent, and we must use caution in assessing uncertainties. We proceeded by mapping s2 in two dimensions and Ðnding the maximum and minimum values of density and column density, which produced a change in s2 of 1 (see & Robinson et al. Bevington 1992 ; Bergin 1996) . Since the maximum and minimum values for density are not necessarily symmetrical about the best value, we quote separate upper and lower 1 p uncertainties in Table 4 .
Typical uncertainties in the log of the density are about 0.1 ; however, in a few cases the uncertainties are much Table 4 the log density uncertainty exceeds 0.52. Of the 63 values we Ðtted, 57 met this criterion and are listed in The Table 4 . small uncertainties in our density estimates are a result of the choice of transitions ; the J \ 12 ] 11 transition well deÐnes the upper bound of the excitation curve, and the relative intensity of the hyperÐne lines in the J \ 4 ] 3 transition provides a constraint on the optical depth and, consequently, the column density of
We have exam-HC 3 N. ined the distribution of reduced s2 to test whether the model is an accurate representation of the data. For a normal distribution with three degrees of freedom (Ðve observables minus two free model parameters), we expect a median reduced s2 of 0.79 and fewer than four positions with reduced s2 greater than 2.6. Indeed, we Ðnd a median reduced s2 of 0.63 and three positions with a value greater than 2.6. Therefore, we believe that modeling each line of sight with a single value of density is an adequate representation of the observed data.
CS Modeling
Densities were also estimated from the J \ 1 ] 0 and J \ 2 ] 1 transitions of CS and the J \ 2 ] 1 transition of C34S. Although the C34S data helps to constrain the optical depth and, thus, the column density of CS, the J \ 2 ] 1 transition is not high enough in energy (7 K) to deÐne the excitation curve well. All three transitions were observed only in 20 positions. All three transitions were simultaneously Ðtted with our statistical equilibrium model, using collision cross sections (CS with from & H 2 ) Green Chapman
As was the case for the (1978) .
HC 3 N (°4.2.1), H 2 density and CS column density for each of the observed positions were varied to minimize s2. We initially Ðtted the data assuming an isotope ratio of 32S/34S \ 22. However, the Ðts were very poor. We found much better Ðts if we assume an isotope ratio between 12 and 14. Such an isotopic ratio is consistent with a recent determination of the ratio from Galactic cosmic rays although (Thayer 1996) , this method has large uncertainties. The most complete study of the sulfur isotope ratios in Galactic star forming regions is consistent with the terrestrial value in the solar neighborhood et al. however, the ratio in (Chin 1996) , nearby dark clouds remain uncertain. For the limited number of positions for which we could apply this method, we found average densities of 3.1 ] 104 cm~3, a factor of 2È3 smaller than that found from However, the HC 3 N. density uncertainties from the CS determination are much larger (^0.5 in the log) and, within the uncertainties, this density is consistent with the density found from HC 3 N in°4.2.1.
Density Summary
We believe the densities derived from our analysis of the transitions are more accurate than the values from HC 3 N CS, so that we use the results in our subsequent HC 3 N analysis. We can compare our density results to previous studies. For instance, around the cyanopolyyne peak, Snell, & Young and et al. Schloerb, (1983 (1992) n H2 2 lower than our value at the cyanopolyyne peak and 7 times higher at the peak. Their observations imply a NH 3 gradient of a factor of 10 in the density along the TMC-1 ridge, whereas the observations presented here show no evidence for such a large density gradient. If we Ðtted a straight line through just the points along the ridge (between the cyanopolyyne peak and the northwest end of the ridge) our data allows at the most a factor of 2.5 variation. A possible explanation for this discrepancy is the difference in beam sizes between the two observations. the northwest. Our study of the abundances of all these species will address the question of whether these emission variations translate into true abundance variations of the molecules.
For species where we observed more than one isotopomer, we only calculate column densities for the weaker isotopomer and not for the main species.
shows a Figure 11 comparison of the integrated intensity maps for four of these species, HCO`, CS, HNC, and HCN. The maps show large di †erences in the distribution of emission of the main species as compared to their rarer isotopomers, which are a result of the high optical depths in the main lines. In addition, e †ects such as self-absorption (especially toward the cyanopolyyne peak) also contributes to the di †erences between the emission distributions. Self-absorption is most striking in the distribution of HCO`, and HCN.
Once the collision cross sections and radiative rates are speciÐed, the statistical equilibrium model we employ to derive total column densities has only four free parameters : density, column density, gas kinetic temperature, and line width. The line widths are measured, the density is derived from our multitransition analysis, and we adopt a HC 3 N uniform temperature of 10 K based on our analysis of the and data. Since the density information is CH 3 CCH NH 3 essential, we compute column densities only where we have good density determinations. The dipole moments and collision cross sections that we used for each molecule are summarized in
Note that for several molecules we Table 5 . use collision cross sections computed for molecules with similar electronic conÐgurations, since cross sections for the observed molecules are not available. Also, some of the collision cross sections are computed for helium and not molecular hydrogen. In these cases we multiply the individual collision rates by the factor 21@2 to correct for the velocity di †erence between He and H 2 . Once the density, temperature, and line width are determined and the radiative rates and collision cross sections are speciÐed, the only remaining parameter needed to constrain the observed intensity is the column density. For H13CO`, C34S, HN13C, (A and E species CH 3 CCH independently), C18O, and SO, we vary the CH 3 OH, column density to achieve the best Ðt to the single observed line intensity. For SO only the transition pro-J K \ 3 2 ] 2 1 vided sufficient signal-to-noise to model and for CH 3 OH only the transition was modeled, since we J K \ 2 0 ] 1 0 Aò nly had cross sections for the A species. For these mol- FIG. 11 .ÈIntegrated intensity maps comparing the main species with the rarer isotopic species for those cases for which two isotopomers were observed. The symbols are the same as for previous maps (see The  Fig. 1) . contours for the maps of the rarer isotopes are the same as in The ecules the column density uncertainties are derived from the 1 p uncertainties in the integrated intensity. For the species CN, and H13CN we simultaneously Ðtted the C 2 H, N 2 H`, individual hyperÐne components, assuming that the hyperÐne levels are populated according to their statistical weights. In these cases, the column density is determined by minimizing the reduced s2, and the uncertainties are estimated in the same manner as the density uncertainties described in For we use the column densities°4.2. HC 3 N derived from our multitransition Ðts described in and°4.2 listed in All other derived column densities are Table 4 . given in Table 6 .
To derive the total para-ammonia column density, we need to estimate the column density of molecules in states with (J, K) \ (1, 1) and (2, 2). Because the kinetic temperature of the cloud is D10 K, we do not expect higher lying metastable states, J º 3 et al. to be popu-(Ho 1977), lated, while the nonmetastable states (K [ J) decay too rapidly via infrared transitions to retain a signiÐcant population at the densities we have determined for TMC-1. The para-ammonia column densities for the (1, 1) and (2, 2) states toward the CP, Mid, and SO positions were NH 3 calculated from the total optical depths and excitation temperatures obtained in using the methods outlined in°4. 
. points we estimate the para-ammonia column densities using the optically thin method described in et al. Bachiller We obtain the total column density by assuming an (1987) . ortho to para ratio of 3 and summing the two contributions (see discussion in et al. The resulting total Kuiper 1995). ammonia column densities are summarized in Table 3 . Uncertainties in the total column density are on the order of 25%. The values that we obtain di †er by a factor of D2 from et al. for the peak, who assume that To lle (1981) NH 3 the ortho and para levels are thermalized at the kinetic temperature of the cloud. However, our total column density values are consistent with those obtained by Olano et al. and et al. (1988) Suzuki (1992) . One surprising result of our modeling is that many of the lines, including those of the rarer isotopomers, require large optical depths to match the observed intensities. For instance, the lines of H13CO`and HN13C at the CP peak are modeled to have optical depths of 3.7 and 5.1, respectively. High opacities are necessary because the resultant trapping plays an important role in increasing the excitation temperature to the level needed to reproduce the observed line intensities. This result is quite di †erent from the usual assumption that these lines are optically thin. A consistency check of the optical depths can be made for those molecules with hyperÐne structure. In the cases of CN, H13CN, and we can independent-C 2 H, N 2 H`, HC 3 N, ly determine the optical depth from the relative intensities of the hyperÐne lines and compare with the model results. Note that the model has only one parameter (column density) to Ðt both the absolute intensity and relative intensities of the hyperÐne lines, and thus the optical depths derived from the hyperÐne ratios provides a somewhat independent check. We Ðnd good agreement between the optical depths derived by both methods for H13CN, N 2 H`, and However, for and CN, the optical depth HC 3 N. C 2 H derived from the relative intensities of the hyperÐne lines is about twice that derived in the model. Thus, the hyperÐne ratios conÐrm the result that the optical depths of many of the observed transitions, including the rarer isotopic lines, are large.
presents the column densities of all the Table 6 species that we have modeled toward the 57 positions with good density determinations.
The column density uncertainties quoted in are Table 6 based solely on the rms errors in the measured line integrated intensities. In addition, one must consider the uncertainties that arise from calibration and in the derivation of density and temperature. We carefully modeled several positions within TMC-1 to ascertain the inÑuence of uncertainties in density and temperature on the column density of all molecular species.
First, we computed the e †ect of a density change of 50%, which is about 3 times the typical 1 p uncertainty. We Ðnd that the column densities for most of the molecules changed by only 5%È10%, depending on position and molecule. Except for CO, larger densities produce smaller column densities. The largest change in the column density is found for SO and where the column density CH 3 CCH, changes by as much as 30% because the excitation of these molecules is changing rapidly near the densities found for TMC-1.
We also considered systematic uncertainties in the temperature and computed the e †ect of a^2 K change from the nominal value of 10 K. Variations in the temperature result in column density changes typically between 2%È15% ; the largest variation again is found for SO, which varied by as much as 30%. In this analysis, higher temperatures implied larger column densities for all molecules except CO. This simple analysis is somewhat unfair, since a change in temperature would require a corresponding change in density to Ðt the observed emission. We HC 3 N thus recomputed the density to be consistent with the temperature change and subsequently computed the new column densities. In general, for higher temperatures we Ðnd lower densities and vice versa. In this case, column density variations are typically only 2%È10%, with the largest variation of 17% found for SO. As expected, the variation in column density is smaller when the temperature and density vary consistently since the change in temperature is partially compensated by a change in density.
Based on our analysis of each of the possible sources of uncertainty, we can assign the following typical column density uncertainties : measurement uncertainty 10%, calibration uncertainty 15%, density uncertainty 15%, and temperature uncertainty 15%. If these uncertainties are random, then we can add their contributions in quadrature and derive an overall uncertainty (1 p) in the column density of about 30%. Some of the molecules have greater sensitivities to variations in density and temperature, and the column density uncertainties for SO and may be as CH 3 OH large as 40%.
Relative Abundances
It is customary to quote abundances of molecules relative to molecular hydrogen, although there is in general no direct measure of the molecular hydrogen column density. The usual surrogate for is CO or one of its isotopic H 2 variants, since the emission from these molecules is well calibrated against the visual extinction for typical dark cloud column densities Langer, & Wilson (Frerking, 1982) . However, in TMC-1 the C18O map and line proÐle suggest that this emission may not arise from the same volume of gas as that for the other molecules. Thus, expressing abundances relative to C18O may in fact give only lower limits to the relative abundances along the dense ridge. We have instead chosen to compute abundances relative to HCO`, since emission from this molecule has similar spatial extent, line width, and excitation requirement to that of most of the other molecules in this survey. In addition, HCO`has a fairly simple chemistry that is directly linked to CO (Millar, Farquhar, & Willacy 1997) .
The relative abundances can be determined with somewhat better accuracy than the column densities, since some of the column density uncertainties are systematic and vary in the same sense for all of the molecules. For instance, the calibration uncertainties will be smaller for the relative abundances because we used the same telescope over a narrow range in frequency for the molecular survey. We have also investigated the e †ects of varying the temperature and density on the relative abundance of the species. The uncertainties in the relative abundances are estimated to have the following contributions : measurement uncertainties contribute 10% for each line, relative calibration uncertainties contribute 5%, density uncertainties contribute 10%, and temperature uncertainties contribute 10%. If the uncertainties are uncorrelated, then the relative abundance has an uncertainty of approximately 20%.
6. DISCUSSION
Cloud Mass
In we derived the physical conditions within TMC-1°4 and found that the results of the ammonia and methyl acetylene analyses were consistent with a constant temperature of 10 K throughout the TMC 1 ridge. We also derived densities based on our data at 57 positions HC 3 N within TMC-1. We found that over most of the TMC-1 ridge the density was relatively uniform with a value of approximately 6 ] 104 cm~3. Thus, between the cyanopolyyne peak and the ammonia peak the density and temperature are relatively constant. However, in the far southeast end of the ridge, the density was found to be consistently lower by about a factor of 3.
The mass of the TMC-1 ridge can be estimated several ways. First, we can assume, based on its half-power size, that the ridge can be approximated by a cylinder 13@ long and 1@ in radius with a density of 6 ] 104 cm~3 for the northwestern 11@ section and a density of 2 ] 104 cm~3 for the remaining 2@ length in the southeast. If the cylinder is Ðlled with dense gas, then the total mass would be approximately 8 This is not strictly be the case since the M _ . somewhat higher angular resolution maps of CCS by et al. and the high-resolution maps in Hirahara (1992) et al.
toward the southeast portion of the Langer (1995) ridge, reveal that the gas is clumpy. et al. Hirahara (1992) interpret the data as indicative of a chain of dense cores stretched out along the ridge.
The mass of TMC-1 can also be estimated from the C18O data assuming a ratio of 1
Using the column density derived for the 57 lines 1982). of sight presented in we derive a mass of approx- Table 6,  imately 20 larger than the estimate based on the M _ , density over the same region of the ridge. The discrepancy may be due to the presence of a lower density envelope that is responsible for half of the C18O column density. Such an envelope would also explain the more spatially extended emission seen in C18O as compared to the other molecules surveyed.
Molecular Abundances
In we discussed the determination of both column°5, densities and relative abundances and also the uncertainties associated with each. We have determined the column densities of the most abundant isotopic species by scaling the observed values for the rarer isotopomers, assuming the following isotopic ratios : 12C/13C \ Langer 1993),°4.2.2), 16O/18O \ 500. These column densities are then used to derive abundances relative to HCO`. The relative abundance at selected positions within the cloud as well as the weighted average of all 57 positions are summarized in
We can compare the abundances we derive with 
density based on the optical depth of the N \ 2 ] 1, F \ 3/2 ] 1/2 transition, which they determined to be 6.1 from the ratio of intensities of the hyperÐne components. This value is 15 times larger than what we compute from the hyperÐne ratio we measure in our higher signal-to-noise data at the position. Although our column density was NH 3 derived from an excitation model, the factor of 15 di †erence in column density between our results and et al. Crutcher results can be traced back to di †erences in optical (1984) depth. In both the and CN cases measurement of the C 2 H column density of the 13C isotopomer may be helpful.
Since (1, 1) lines toward several positions in NH 3 TMC-1. Toward the cyanopolyyne peak they obtain a column density of 1.7 ] 1014 cm~2 for and HC 3 N 1.9 ] 1014 cm~2 for ammonia. We conclude that our column densities for the various molecules studied here are in good agreement with previous observations.
Molecular Abundance Variations
The values of the log of the abundance relative to HCOf or the 18 ridge positions that are highlighted in Figure 9 are presented in where the x-coordinate is the Figure 12 , distance in arcminutes from the (0, 0) position of the map. Thus, the points are arranged along the ridge from southeast (left) to northwest (right). In addition, the relative abundances found toward the SO peak and the infrared FIG. 12.ÈLog(N(molecule) /N(HCO`)) is plotted vs. absolute distance from the (0, 0) point for the indicated species (see The ratio was scaled by the Fig. 1 ). weighted mean of the 57 points for which densities were obtained and the scaling factor is indicated on the bottom right of each panel. This factor corresponds to the value of the ratio at zero on the vertical axis. With the exception of IRAS 04381]2540 (open star) and the SO peak (open triangle), only the points on the TMC-1 ridge are plotted (see The Ðlled square is the cyanopolyyne peak (CP), and the Ðlled triangle is the ammonia peak The Fig. 9 ).
(NH 3 ). plot also includes the abundances obtained from our analysis of four positions along the ridge in the (1, 1) and (2, 2) transitions. The solid lines are the NH 3 Ðts to the points on the ridge between a distance of and 3@ .37
[7@ .68.
source (IRAS 04381]2540) are presented in this Ðgure denoted with special symbols (see Ðgure caption). The abundances have been scaled by the weighted average of the 57 points for which densities were obtained, so that a zero in this Ðgure indicates a relative abundance the same as the average for TMC-1. The value of the weighted average ratio used for scaling the data is displayed in the lower righthand corner of each panel and is also presented in Table 6 . The error bars shown in show the abundance Figure 12 uncertainties that arise from measurement errors in the data alone.
reveals some distinct trends in the abundances Figure 12 along the ridge between the cyanopolyyne peak ( Ðlled square) and the northwest end of the ridge. The most striking trends are seen in and SO ; HC 3 N, CH 3 CCH, HC 3 N and both increase in abundance from the CH 3 CCH NH 3 peak to the CP peak, while SO decreases in abundance over the same region. Increasing relative abundances are also seen in CS, and HCN, although the magnitude is C 2 H, much smaller than that seen in and The HC 3 N CH 3 CCH. relative abundances of HNC, and are remark-NH 3 , N 2 H ably uniform along the ridge. This is not just an e †ect of measuring the abundances relative to HCO`. If we look at the CO/HCO`ratio along the ridge, except for a small rise in the abundance at the CP peak, the ratio is relatively constant. Thus, the position often referred to as the ammonia peak is a peak in the ammonia column density, rather than a peak in the relative abundance, while the position called the cyanopolyyne peak is a relative abundance maximum for and other carbon-bearing mol-HC 3 N FIG. 13.ÈPlot of log vs. distance for the same points along the (n(H 2 )) ridge as shown in Fig. 12. ecules. To the southeast of the cyanopolyyne peak, in the low-density section of the ridge, the relative abundances show distinctly di †erent trends than those seen between the and CP peaks. NH 3 We can derive the abundance variations more quantitatively along the ridge using the data in from o †set Figure 12 positions to We have Ðtted a linear relation ]3@ .37
[7@ .68. to this data to derive the log of the total abundance variation of each species along the extent of this part of the 11@ .1 ridge. The results found for each species are summarized in where the sign of the abundance change is positive Table 8 , if the abundance increases from northwest to southeast and negative if it decreases. In the next section we compare these variations to results from a chemical model.
We have also carefully examined the density variation along the ridge over the identical region for which relative abundance gradients were derived If we Ðtted a (Fig. 13) . linear relation to the derived log densities weighted by their errors, we obtain a gradient of [0.4^0.05 in the log of the density along the same region of the ridge. This sug-11@ .1 gests that there is perhaps a factor of 2.5 increase in density going from approximately the CP peak to the northwest end of the ridge. However, the linear relation is a poor Ðt to the density variations, so one must be cautious in interpreting the formally derived slope and consequently the derived density variation.
Comparison with Chemical Models
One of the goals of the present project is to compare the average abundances in TMC-1, as well as observed abundance gradients, with current time-dependent chemical models. For this purpose we utilized the model described in detail by Langer, & Goldsmith and et Bergin, (1995) Bergin al. except that we excluded, for simplicity, any e †ects (1996), of grains and thus used the pure gas phase UMIST RATE95 reaction network (see et al. For a Millar 1997) . given model calculation the adjustable variables are the space density of molecular hydrogen the gas kinetic (n H2 ), temperature the factor by which the UV Ðeld is (T k ), enhanced above the normal interstellar radiation Ðeld (s), the visual extinction and the cosmic-ray ionization (A V ), rate for molecular hydrogen Previous chemical model-(f H2
). ing e †orts Langer, & Frerking (Graedel, 1982 ; Leung, Herbst, & Huebner have shown that observed chemi-1984) cal abundances are reproduced better when the abundances of metal ions are depleted below those observed toward di †use clouds, such as f Oph. Therefore, the initial elemental abundances, taken from et al. are depleted Millar (1991) , metal abundances. Based on our own density and temperature measurements we have adopted n H2 \ 6 ] 104 cm~3 and K for the calculation and also take T gas \ 10 mag, based on the C18O column density and s \ 1.
We initially ran models with s~1, which, f H2
\ 1 ] 10~17 however, did not produce sufficient abundance of HCO`to match the observations. In fact, given the di †erences in the line proÐles and the spatial extent of the emission between C18O and H13CO`, it is possible that the CO isotopes are tracing more material along the line of sight than H13CO`, and thus the abundance of HCO`relative to CO may be even larger than tabulated. In the model several factors can a †ect the ionization state and abundance of HCO`in molecular coresÈthe density, temperature, extinction to cloud center, depletion of metals, the cosmic-ray ionization rate, the recombination rate, and the recombination reactions. Of these, the density, temperature, and visual extinction are well constrained by our observations, and the metal abundances are already severely depleted (see et al. Millar Studies of TMC-1 chemistry and the dependence of 1991). ion abundances on the cosmic-ray ionization by Farquhar, Millar, & Herbst and Hartquist, & Williams (1994) Nejad, found that TMC-1 abundances are consistent with (1994) s~1. We Ðnd similar results ; in order to f H2
\ 3È8 ] 10~17 Table 3 . Abundances given are ratios of column densities to (N(H13CO`) ] 64).
reproduce the observed CO/HCO`ratio, the cosmic-ray ionization rate in TMC-1 must be at least 6 ] 10~17 s~1. This change does not a †ect the overall agreement or disagreement with other molecular abundances. Thus, we have adopted a cosmic-ray ionization rate of f H2 \ 6 ] 10~17 s~1 for all models presented here.
In the models presented here we have examined only the gas-phase chemistry, and have excluded any e †ects of grain depletion, desorption, or reactions occurring on the grain surface. While we cannot rule out any contribution of gasgrain interactions or grain surface reactions to the chemistry of TMC-1, our results suggest that the chemistry can be accounted for with simple gas-phase interactions. Furthermore, complex Figure 14 , chemical model for each of the molecular species observed. The abundances relative to HCO`from the model have been scaled in the same way as the data presented in Figure  Thus , if the model has a log(relative abundance) \ 0, 12. then the abundance matches the weighted average abundance for a particular species in TMC-1. From the results shown in this Ðgure, it is clear that the data and model are best Ðtted for times around 105 yr. A summary of the model predictions at 1.2 ] 105 yr is presented in along Table 7 , with the abundances for selected locations in the cloud. In general, the agreement between theory and data is quite good. However, there are a few notable problems with the Figure 15 , data and the right panel the model results. A good match is found for times around 105 yr. These data are thus consistent with the hypothesis that the TMC-1 ridge is composed of clumps at di †erent chemical ages, with the clump toward the cyanopolyyne peak being less chemically evolved than that toward the ammonia peak. To study this hypothesis more quantitatively, in we present the log of the Only CN is radically di †erent from the model predictions and, as pointed out above, the model does not adequately reproduce its average abundance. Thus, only a small di †er-ence in chemical evolution can reproduce the observed abundance gradients across the ridge. This is basically the same conclusion reached by & HiraHanawa, Yamamoto, hara and Taylor, & Williams (1994) Howe, (1996) . suggested that the abundance gradients in Swade (1987) another dark cloud, L134N, could be due to variation in the C/O ratio within the cloud. Likewise, et al. Bergin (1996) found that changing the C/O ratio could have a large impact on the abundance of the carbon-bearing species and consequently on the CS/SO ratio. We have also explored changes in the C/O ratio and compared the results of these calculations with the observed abundance gradients along the ridge. In we have summarized the abundance Table 8  changes tion in the C/O ratio can reproduce the observed abundance gradients. Thus, this alternative explanation can Ðt the observations as well as the interpretation in terms of a change in the evolutionary time.
At the southeastern end of the ridge the relative abundance do not follow the trends found over the rest of the ridge.
shows that most species show a decline in Figure 12 relative abundance at the southernmost points, but a few species, notably CS, SO, HCN, and CN, show little HC 3 N, variation in relative abundance. In we noted that there°5.1 is a decrease in the density at this end of the ridge. We investigated whether lowering the density by a factor of 3 in our chemical model could account for the observed di †er-ences and found that it cannot. Another possibility is that the abundance of HCO`is increasing at the end of the ridgeÈleading to a decrease in the relative abundance of most species. Indeed, the column density of H13CO`in increases by a factor of 5 between the CP position Table 6 and the southern portion of the ridge. Thus, it is possible that the ionization rate could be higher at the positions with lower density or that some other mechanism is producing more HCO`(perhaps an increase in the abundance of OH, which reacts with C`to directly form HCO`). We examined whether increasing the cosmic-ray ionization rate and/or lowering the extinction could produce the di †er-ences and again found that they could not be reproduced.
CONCLUSIONS
We have probed the chemical structure of the TMC-1 ridge by mapping the spatial distribution of emission from 34 transitions of 14 molecular species over a 15@ ] 5@ area. The region mapped includes the previously observed ammonia and cyanopolyyne emission peaks. This study is an improvement on previous work, because we have observed a large number of species with a single telescope resulting in similar beam sizes and relatively uniform antenna efficiencies. In addition, the physical parameters characterizing the kinetic temperature and molecular hydrogen density in the cloud are determined consistently from the present data itself. Our maps show considerable structure, with complex carbon chain species peaking near the CP position, and other species SO, and NH 3 , N 2 H peaking further to the north. Whether these emission variations are the result of changes in the excitation or changes in abundance can be determined from our systematic observations of the physical properties of the ridge through multitransitional studies of CS NH 3 (T K ), CH 3 CCH (T K ), (n H2 ), and Using these observationally derived den-HC 3 N (n H2 ). sities and temperatures we have determined total column densities for 12 species at 57 positions, minimizing opacity problems by emphasizing the results from rare isotopomers. We also obtain column densities for at six positions NH 3 along the ridge.
From our analysis of the column densities we conclude that the observed emission variations are the result of both column density and abundance variations (calculated with respect to HCO`) along the ridge. For instance the emission peak seen in is primarily due to a larger column NH 3 density of ammonia, while the emission peak in is HC 3 N largely due to an abundance enhancement of itself. HC 3 N The most striking result is the relative abundance gradients found for several molecular species, most notably SO, and In comparing the abundance gra-HC 3 N, CH 3 CCH. dients along the ridge with chemical models, we conclude that the observed gradients can be explained either by a small di †erence in the chemical evolution timescale between the two ends of the ridge or by small changes in the gas phase C/O ratio at a Ðxed time.
It is not surprising that either a change in the evolutionary state or the C/O ratio can reproduce the observed abundance gradients, because both rely on a variation in the atomic carbon abundance to produce the chemical di †er-ences. Atomic carbon is the building block for complex molecular species, and in the evolutionary case, the carbon abundance decreases between 105 to 106 yr because the carbon is rapidly processed into CO. Similarly, decreasing the C/O ratio lowers the amount of atomic carbon available to react in the gas-phase et al. and, at a Ðxed (Blake 1987) time, mirrors the e †ects of evolution. Thus, the chemical modeling presented here (and by others) would suggest that there is a gradient in the abundance of atomic carbon in TMC-1, with the atomic carbon abundance lower at the peak relative to the CP position. Recently, atomic NH 3 carbon has been detected in TMC-1 et al. (Schilke 1995) , but these observations did not sample positions along the ridge to test our hypothesis, nor were they able to discriminate whether the carbon is primarily probing the cloud surface or inner regions. At the CP position the atomic carbon column density measured by et al. is Schilke (1995) 1.2 ] 1017 cm~2 ; if only 4% of this column density is in the dense gas, it would be in agreement with our models of chemical abundances at the CP position.
What is physically occurring within the TMC-1 ridge to produce the observed di †erences ? One potential possibility is that the chemical di †erences in TMC-1 could be related to an e †ective change in the C/O ratio due to desorption of water ice. Observations along lines of sight toward background stars in the Taurus complex have shown that solid is quite abundant, with an abundance relative to of
This abundance represents a sig-(Whittet 1993). niÐcant portion of the total oxygen reservoir and, on the basis of these observations, it is clear that some of the oxygen in TMC-1 is trapped on grains in the form of water ice. If more of this ice is removed from grain surfaces H 2 O near the peak than toward the CP position, the C/O NH 3 ratio in the gas phase will e †ectively be lowered because the excess gas-phase water will react with ionized carbon. Mechanisms to remove species from grain surfaces are a matter of much debate but only a small (Williams 1993), amount of water ice needs to be evaporated to account for a change in the C/O ratio from 0.5 to 0.4.
An alternate solution suggested by et al. Hirahara (1992) , is a density gradient along the ridge in TMC-1, with the peak slightly denser than the CP position. Because NH 3 chemical interactions proceed more rapidly at higher densities, density variations can produce the same e †ects as di †ering evolutionary states et al. In (Bergin 1997a) .°6.4.2 we found that only a small variation in time is required to reproduce the observed abundance gradients. This conclusion is di †erent from previous work, which has suggested that a greater di †erence in time is required Dishoek et (van al.
Because we require only a short di †erence in time 1993). only a small change in the density of molecular hydrogen is necessary to match the observations. In our chemical model we Ðnd that a density variation of only a factor of 2 is sufficient to reproduce the observed gradient in complex molecule abundances. As discussed in a Ðt to the°6.3, densities along the ridge produces a variation of a factor of 2.5 in the densityÈincreasing from the cyanopolyyne peak to the northwest end of the ridge. Therefore, one possibility is that the northwestern portion of the ridge is slightly denser and thus more evolved than the southern part of the ridge as suggested by et al. Hirahara (1992) Howe (1996) .
To summarize this work we note that independent of the cause of the observed variations in TMC-1, our chemical models suggest that even small variations in the C/O ratio or in the chemical evolution timescale can produce large abundance variations. In addition, since the chemical evolution timescale is very density sensitive, the physical evolution of the cloud can be responsible for abundance variations. Thus, it should not be surprising that clouds cores with complex density structure should also have equally complex abundance variations. Moreover, since the abundances are so dependent on evolutionary e †ects they may ultimately be used to trace these e †ects. In this work we have identiÐed a small number of molecules (such as SO, and that may be exceptionally diagnostic CH 3 CCH, HC 3 N) of the evolutionary status of the cloud. We believe future studies that include these diagnostic tracers will allow the physical structure of clouds to be tied to their evolutionary history.
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